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“Atmospheric” Neutrino Summary
νµ → ντ

no evidence of νe involvement:

δm2
atm = 2.7+0.4

−0.3 × 10−3eV 2 L/E = 500 km/GeV

sin2 2θatm > 0.92 ⇒ 0.35 < sin2 θatm < 0.65
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δm2
solar = 8.0± 0.4× 10−5eV 2 L/E = 15 km/MeV
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Masses:

Less than
4% νe

in the 3 state!

States 1 and 2 are νe rich.

E = mc2
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Tritium beta decay and neutrino 
mass

KATRIN Task: 
Investigate Tritium endpoint  with sub-eV precision

KATRIN Aim:
Improve m! sensitivity 10 x (2eV  ! 0.2eV )

Requirements:
• Strong source
• Excellent energy resolution 
• Small endpoint energy E0

• Long term stability
• Low background rate
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Tritium beta decay and neutrino 
mass

KATRIN Task: 
Investigate Tritium endpoint  with sub-eV precision

KATRIN Aim:
Improve m! sensitivity 10 x (2eV  ! 0.2eV )

Requirements:
• Strong source
• Excellent energy resolution 
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Decay Rate:

|〈3He + e− + ν̄|T |3H〉|2 ∼ pE(E0 − E)
∑

k |Uek|2√(E0 − E)2 − m2
k

if ν’s quasi-degenerate: m1 ≈ m2 ≈ m3

|〈3He + e− + ν̄|T |3H〉|2 ∼ pE(E0 − E)
√

(E0 − E)2 − m2
ν
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Improved sensitivity with larger system

Discovery

90% CL UL
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Figure 6: 99% CL expected ranges for the parameters mcosmo = m1 + m2 + m3 probed by cosmology
(fig. 6a) and mνe ≡ (m·m†)1/2

ee probed by β-decay (fig. 6b) as function of the lightest neutrino mass. The
darker lines show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

‘standard’ SK analysis). The statistically insignificant hint for a θ13 > 0 in fig. 1 is mainly due to a
small deficit of events in CHOOZ data at lowest energies.

Other effects? Data show no significant hint for new effects beyond three massive neutrinos. For
example fig. 3a shows a global fit performed without assuming that neutrinos and anti-neutrinos
have the same atmospheric mass splitting and mixing angle. We see that the best-fit lies close to
the CPT-conserving limit, and that the atmospheric mass splitting in anti-neutrinos is poorly deter-
mined. Nevertheless, this is enough to strongly disfavor a CPT-violating interpretation of the LSND
anomaly [19]. Near-future long-baseline experiments will probably study only ν rather than ν̄.

3 Non-oscillation experiments

In this section we discuss non-oscillation experiments and consider the 3 non-oscillation parameters
mentioned in the introduction. Making reference to experimental sensitivities, the 3 probes should
be ordered as follows: cosmology, 0ν2β and finally β decay. Ordering them according to reliability
would presumably result into the reverse list: cosmological results are based on untested assumptions,
and 0ν2β suffers from severe uncertainties in the nuclear matrix elements. Even more, there is an
interesting claim that the 0ν2β transition has been detected [12] (see section 3.3 for some remarks),
there is a persisting anomaly in TROITSK β decay, and even in cosmology, there is one (weak) claim
for a positive effect. None of these hints can be considered as a discovery of neutrino masses. Several
existing or planned experiments will lead to progress in a few years.

In this section, we assume three massive Majorana neutrinos and study the ranges of neutrino
mass signals expected on the basis of oscillation data, updating and extending the results of [30].
Our inferences are summarized in table 1 and obtained by marginalizing the full joint probability
distribution for the oscillation parameters, using the latest results discussed in the previous sections.

11

Less than
4% νe

in the 3 state!

States 1 and 2 are νe rich.

dividing point mββ ≈ 10meV ⇒⇒
Signal below ∼ 10 meV would imply
Majorana and Normal Hierarchy!

Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude mνe > 1

30 eV , then Normal Hierarchy.

E = mc2
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mcosmo =
∑

mi
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δm2
solar = 8.0± 0.4× 10−5eV 2 L/E = 15 km/MeV

⇓
mHeavy

ν >
√

δm2
atm = 50meV

What is Fermion Mass ???

lightcone∑
mi ≈ 60 eV closes the Universe. Limit a few % of this number.
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Fermion Masses:

electron positron
Left Chiral eL ēR SU(2)×U(1)

Right Chiral eR ēL U(1)

CPT: eL ↔ ēR and eR ↔ ēL

Mass couples L to R: eL to eR AND also ēR to ēL Dirac Mass terms.

A coupling of eL to ēR OR eR to ēL would be mass term but this violates
conservation of electric charge. (Majorana masses)
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Massive Particle

at Rest

P 2
= M2, P · S = 0 and S2

= −1

u(P, S) =
(1 + γ5)

2
u(

P + MS

2
) + eiφ (1 − γ5)

2
u(

P − MS

2
)

right massless left massless
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CPT: eL ↔ ēR and eR ↔ ēL

Mass couples L to R:

eL to eR AND also ēR to ēL Dirac Mass terms.

A coupling of
eL to ēR OR eR to ēL would be (Majorana) mass term
but this violates conservation of electric charge!
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Seesaw / Dirac Neutrinos / Light Sterile Neutrinos

Nu Anti-Nu
Left Chiral νL ⇔ ν̄R

" " Dirac Masses
Right Chiral νR ⇔ ν̄L

Majorana
Masses

Coupling of

• νL to νR AND ν̄R to ν̄L are the Dirac masses.

• νL to ν̄R forbidden by weak isospin.

• νR to ν̄L allowed and coefficient is unprotected. (→M)

(ν̄R, ν̄L)
(

0 mD

mD M

) (
νL

νR

)
Two Majorana neutrinos
with masses m2

D/M and M
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• Coupling of νR to ν̄L allowed and coefficient is unprotected. (→M)

Also applies to sterile neutrinos.

Light Sterile Neutrinos and/or Dirac Neutrinos Unexpected!!!
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Seesaw:
Yanagida, Gell-man-
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• Coupling of νR to ν̄L allowed and coefficient is unprotected. (→M)

Also applies to sterile neutrinos.
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) (
νL

νR
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Two Majorana neutrinos
with masses m2

D/M and M
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17

The Meaning of this Association

!e
Detector!e

e

W boson

Short Journey

e

!µ!µ

µ µ

W

!"!"

" "

W

Note That

Implies

Observed
+ + − small L/E

Not Observed
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Nu Standard Model:

NEUTRINO MASS:
Allowed

Suppressed by m2
ν

E2
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Nu Standard Model:
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October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

Neutrinoless double beta decay

• Most sensitive (terrestrial)

probe of the absolute

neutrino mass

• Unique way of proving

Majorana nature of !

• If Majorana ! is the only

mechanism, ===>

30

The Idea That Can Work —

Neutrinoless Double Beta Decay [0!""]

Observation would imply  L and !i = !i .

By avoiding competition, this process can cope with the
small neutrino masses.

!i!i

W– W–

e– e–

Nuclear ProcessNucl Nucl’

#
i
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Less than
4% νe

in the 3 state!

States 1 and 2 are νe rich.

Signal below ∼ 10 meV would imply
Majorana and Normal Hierarchy!

Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude mνe > 1

30 eV 2, then normal hierarchy.

E = mc2
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Less than
4% νe

in the 3 state!

States 1 and 2 are νe rich.

dividing point mββ ≈ 10meV ⇒⇒
Signal below ∼ 10 meV would imply
Majorana and Normal Hierarchy!

Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude mνe > 1

30 eV 2, then normal hierarchy.

E = mc2
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Figure 7: Predictions for |mee| assuming a hierarchical (fig. 7a) and inverted (fig. 7b) neutrino spec-
trum. In fig. 7c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β
searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect.
2.1). In fig. 7d we plot the 99% CL range for mee as function of the lightest neutrino mass, thereby
covering all spectra. The darker regions show how the mee range would shrink if the present best-fit
values of oscillation parameters were confirmed with negligible error.
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Leptogenesis

Baryon Asymmetry is created by a Lepton Asymmetry
produced by the decays of super heavy Majorana Neutrinos.

Γ(N→l+φ−)−Γ(N→l−φ+)
Γ(N→l+φ−)+Γ(N→l−φ+)

Γ(N → l±φ∓) depends on the Majorana Phases in the MNS mixing matrix.

Bnow = 1
2(B − L) + 1

2(B + L) = 1
2(B − L)ini = −1

2Lini

Γ(N → l±φ∓) depends on the Majorana Phases in the MNS mixing matrix.
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“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|νe, νµ, ντ〉Tflavor = Uαi |ν1, ν2, ν3〉Tmass

Uαi =

 1
c23 s23

−s23 c23

 c13 s13e−iδ

1
−s13eiδ c13

 c12 s12

−s12 c12

1

 1
eiα

eiβ


Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV
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SUMMARY I
sin2 θ12 = 0.31± 0.03

sin2 θ23 = 0.50± 0.14

sin2 θ13 = 0.04
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“Atmospheric” Neutrino Summary
νµ → ντ

no evidence of νe involvement:

δm2
atm = 2.7+0.4

−0.3 × 10−3eV 2 L/E = 500 km/GeV

sin2 2θatm > 0.92 ⇒ 0.35 < sin2 θatm < 0.65
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δm2
solar = 8.0± 0.4× 10−5eV 2 L/E = 15 km/MeV

⇓
mHeavy

ν >
√

δm2
atm = 50meV

What is Fermion Mass ???

lightcone∑
mi ≈ 60 eV closes the Universe. Limit a few % of this number.
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SUMMARY
neutrino mass ⇔ flavor change

Unknowns:

• Majorana v Dirac

• Mass Hierarchy m3 > m2 > m1 OR m2 > m1 > m3

using |Ue3|2 < |Ue2|2 < |Ue1|2

• fraction of νe in ν3 (< 4%)

• Is CP violated ? sin δ "= 0

• Mass of Heaviest Neutrino

• Mass of Lightest Neutrino
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